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Using ab-initio methods we study structural, electronic and magnetic properties of two dimen-
sional compounds with stoichiometry M2N3 (M-metal, N=S,Se,Te). Our study shows that structures
with Cr, Ti, and Mn are stable, with significant binding energy. Also, such structures are semicon-
ductors with narrow band gaps. We also show that Cr2Se3, Cr2Te3 and Mn2Te3 have considerable
magnetic moments. The negative values of magnetic anisotropy energy suggest, that these materials
can maintain ferromagnetic ordering in non-zero temperatures with estimated Curie temperatures
in the range of 30-55 K.
PACS numbers: ...
I. INTRODUCTION
Two-dimensional (2D) ferromagnetic (FM) materials,
are at present one of the most promising building blocks
of nanoscale spintronic devices [1]. Very recently, FM
Cr2Ge2Te6 bilayer [2], as well as CrI3 [3] and Fe3GeTe2
[4] monolayers have been successfully synthesized. How-
ever, the Curie temperature (TC) of these intrinsic 2D
FM materials lies far below room temperature because of
the weak ferromagnetic super-exchange interaction, pre-
venting them from most applications. So, the pursuit of
room temperature 2D FM materials continues.
Bulk materials with soichiometry Cr1−δTe, Cr2Te3,
Cr3Te4 and Cr5Te6 are known for their magnetic prop-
erties for very long time [5–7]. Although almost all the
magnetic moment is concentrated on Cr atoms, the mag-
netic structure of these compounds is far from being sim-
ple. Theoretical [8] and experimental [9] studies indicate
important role of on-site Coulomb correlations as well as
exchange bias which, in case of Cr2Te3 stems from the
vacancy Cr layer. This triggered further studies on mag-
netism in chromium telluride nanocrystals [10, 11], thin
films [12–15] and quasi-2D layers [16]. One of the most
promising candidates for pure 2D magnetic material is
the family of 2D hexagonal Cr3N4 (N=S, Se, Te). Ac-
cording to recent theoretical predictions, 2D Cr3Se4 and
Cr4Te5 can have TC as high as, respectively, 370K and
460K [17].
In this paper, based on ab − initio calculations, we
present a new 2D magnetic material with stoichiometry
Cr2Te3, consisting of two layers of Cr atoms. We also
investigate the electronic and magnetic properties of a
new family of magnetic compounds M2N3.
II. CALCULATION METHOD
All the calculations were conducted within Density
Functional Theory (DFT) with the help of several tools.
∗Electronic address: zberecki@if.pw.edu.pl
The determination of atomic and electronic properties of
all structures was performed with the use of the VASP
code [18] and the PAW-PBE (GGA) [26, 27] pseudopo-
tentials with the inclusion of intra-atomic interactions
on the LDA+U level [19]. The U values of Cr, Mn,
and Ti d orbitals were set as 3.5, 3.9, and 5.0 eV, re-
spectively. These values were chosen following those re-
ported in the literature [20, 21]. To determine the band
gap width more accurately than the GGA+U level al-
lows, the G0W0 method was applied, as implemented in
VASP [24]. All the structures were optimized until the
forces exerted on atoms were smaller than 10−5 eV/A˚.
The dense 30 × 30 × 1 k-points uniform grid was ap-
plied. To assess the dynamic stability of the structures,
the phonon dispersion bands were determined using the
frozen-phonon approach [22] as implemented in phonopy
code [23]. Since the atomic structure of Cr2Te3 was not
known a priori, the evolutionary search was conducted.
The NGOpt code [25] was used for this part, which uses
approach combining the neural networks and evolution-
ary techniques together with ab-initio calculations. In
this case, the VASP was applied as the total energy cal-
culator. For the estimation of the Curie temperature, the
classical Monte Carlo method was used, as implemented
in the Vampire code [28, 29].
III. RESULTS
We started with the determination of the atomic struc-
ture of Cr2Te3 compound. In NGOpt one gives as an in-
put stoichiometry, population size, and the total number
of generations. In this case, a population of 48 individ-
uals (i.e. probe structures) per generation was chosen.
The lowest energy structure was obtained as early as in
the 5th generation and prevailed for 10 next generations,
so it was accepted as the global minimum. The resulting
structure has a hexagonal unit cell with a lattice constant
equal to 3.94 A˚. The Cr atoms form two layers with three
layers of Te atoms, alternately (Fig. 1).
Distance between Cr layers ∆Cr−Cr is equal to 3.21 A˚.
With the total energy of -5.91 eV/atom and the phonon
spectrum free of imaginary frequencies (Fig. 2b), the
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2FIG. 1: (Color online) Atomic structure of Cr2Te3 compound:
a) unit cell as seen from y-z plane, b) supercell 5×5×1 (x-z
plane), c) supercell 5×5×1 (x-y plane). Cr atoms - blue, Te
atoms - grey.
Structure a [A˚] Etot/at. [eV] Dyn. stability
Ti2Se3 3.58 -6.99 +
V2Se3 3.66 -6.36 -
V2Te3 3.57 -5.74 -
Cr2Se3 3.63 -6.45 +
Cr2Te3 3.94 -5.91 +
Mn2S3 3.48 -6.63 -
Mn2Se3 3.70 -6.16 -
Mn2Te3 4.01 -5.67 +
Fe2S3 3.28 -6.10 -
Fe2Se3 3.49 -5.57 -
Fe2Te3 3.73 -4.73 -
TABLE I: Structural properties of M2N3 compounds where
a - lattice constant, Etot/at. - total energy per atom and
dynamic stability according to calcualted phonon spectrum.
structure can be considered as stable. It is a semiconduc-
tor structure, with FM alignment of magnetic moments,
located almost distinctly on Cr atoms. The total mag-
netic moment is equal to 6.00 µB per formula unit.
Since the compound Cr2Te3 is stable and magnetic, we
checked also other stoichiometries with structure type
M2N3. This gives the total number of 30 structures,
among which 11 turned out to be magnetic (all FM) and
4 of them stable (cf. Table I). The phonon spectra for all
four stable compounds can be seen in Fig. 2. With the
total energy per atom of -6.99 eV, the Ti2Se3 is the most
bound structure among all calculated.
Having established the stability study, the next step was
to calculate the electronic band structure for four stable
compounds. The DFT PBE+U results can be seen in Fig.
3ad, showing, that the Cr2Se3 and Cr2Te3 structures are
semiconductors with a non-direct band gaps (Γ-K) of,
respectively 0.14 and 0.16 eV, while Ti2Se3 and Mn2Te3
are metallic. Application of the G0W0 method corrects
the band gap widths of Cr2Se3 and Cr2Te3 structures to
0.28 eV and 0.31 eV, respectively, while the other two
remain metallic (Table II).
In the case for example of a graphene monolayer, the
bands constituting the Dirac cone are composed almost
exclusively of the pz orbitals of carbon atoms. Unlike
graphene, the band structure of the hexagonal M2N3
compounds close to the Fermi level is more complex. Let
us concentrate on the semiconductor band structure of
Cr2Te3. Fig. 3 e,f shows the orbital character of each
band. The band character is calculated by projecting
the wave functions onto spherical harmonics of p or d
(px, py pz, dxy, dyz, d3r2−z2 , dxz, dx2−y2) type, which
are nonzero within a sphere close to each ion [18]. As
can be seen, the vicinity of the Fermi level is dominated
by the px and py orbitals of the Te atoms (top of the
valence band) and the dx2−y2 orbitals of the Cr atoms
(bottom of the conductions band). The situation is sim-
ilar in the case of Cr2Se3. For the other two materials
(Mn2Te3 and Ti2Se3) the d states in the vicinity of the
Fermi level (Figs. 3 c,d) are lying lower in energy making
these structures metallic.
To analyze the magnetic properties of a 2D material,
one has to be very cautious. According to the famous
Mermin-Wagner theorem [31], magnetic moments of a
2D system of localized spins in T6=0 will always become
evenly distributed (”up” vs. ”down”) and sum up to zero
total magnetic moments, if the only interaction between
the sites is the exchange term. So, we started our analysis
with the determination of the magnetic anisotropy energy
(MAE) defined as EMAE = E
⊥
tot - E
‖
tot, where E
‖(⊥)
tot is
the total energy of the system with parallel (perpendicu-
lar) alignment of magnetic moments with respect to the
plane. With this definition, EMAE is smaller than zero
for the cases where the ground state corresponds to the
perpendicular alignment of magnetic moments. As can
be seen from Tab. II, this is the case for three among
the structures considered, except for Ti2Se3. The z axis
is then the easy axis, which means that the anisotropy
may play an important role in maintaining the magnetic
moment in non-zero temperatures.
To estimate the Curie temperature, we used a simple
model Hamiltonian:
H = −1
2
J
∑
<ij>
~Si· ~Sj −A
∑
i
(S2i )
2 − 1
2
B
∑
<ij>
S2i S
2
j (1)
where J ,A, and B are exchange interactions, single-ion
anisotropy, and nearest neighbor anisotropic exchange
coupling constants, respectively. The summation is done
over the nearest neighbors for all magnetic sites. The
projection of the DFT results onto the above Hamilto-
nian allowed to calculate the coupling constants (Tab.
II).
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FIG. 2: (Color online) Calculated phonon spectrum for a) Cr2Se3 , b) Cr2Te3 , C) Mn2Te3 , d) Ti2Se3 .
To estimate the TC , the calculated exchange (J) and
anisotropy (A) couplings were put to the Vampire code,
which treats the calculated magnetic moments in Eq. 1
as the classical vectors. The resulting Curie tempera-
tures are not very high (Tab. II), but can be verified by
the experimental measurements.
The J coupling constant in Hamiltonian (1) is responsi-
ble for the exchange interaction between Cr atoms in the
unit cell. The distance between metallic ions (Cr, Mn,
Ti) in all unit cells is too big, that this exchange can be
direct. This suggests, that the interaction is mediated
via the non-magnetic atom, which lies in the middle of
the layer (Fig. 1b) The Goodenough-Kanamori rules sug-
gest the superexchange interaction between ions with an
angle of 90◦ between them can give effective (weak) FM
coupling [32]. As can be seen from Fig. 1a, for Cr2Te3,
the angle Cr-Te-Cr is equal to 73◦, which is not very
close to 90◦, so the situation is more complex. To shed
some light on the nature of Cr-Cr exchange we calculated
the per-orbital contributions of exchange parameter for
Cr2Te3 using the Green function approach, as described
in [33] Table III shows the calculated coupling between d
states of Cr atoms in the unit cell. As can be seen, the
biggest FM contributions come from dxz-dxz and dyz-dyz
couplings. Moreover, there are also AFM couplings, orig-
inating mainly from d3r2−z2 orbitals. Off-diagonal terms
are of less importance. These results suggest, that the
superexchange interaction in Cr2Te3 can be attributed
to FM coupling mediated by the σ Te orbitals with the
small admixture of AFM coupling mediated by the pi Te
orbitals. For the other three compounds, the FM/AFM
couplings ratio is a little different, but generally, this
mechanism is also valid.
IV. CONCULSIONS
Ab-initio calculations performed for Cr2Se3, Cr2Te3
and Mn2Te3 2D monolayer structures clearly show that
such systems are stable and exhibit interesting magnetic
properties. The magnetic moments are high (6.00 to
7.48 µB per formula unit) and the MAE values suggest
that their alignment is stably perpendicular to the plane.
Moreover, the exchange mechanism is non-trivial, com-
4Structure U [eV] Egap PBE+U (G0W0) [eV] Magn. mom. [µB ] MAE [meV] J [meV] A [meV] B [meV] TC [K]
Ti2Se3 5.0 m 1.62 1.23 - - - -
Cr2Se3 3.5 0.14 (0.28) 6.00 -0.23 0.163 0.029 -0.003 30
Cr2Te3 3.5 0.16 (0.31) 6.00 -0.55 2.515 0.134 -0.047 55
Mn2Te3 3.9 m 7.48 -2.83 1.843 0.098 -0.034 45
TABLE II: Electronic and magnetic properties of M2N3 compounds: U - constant for PBE+U approx., band gap calculated on
the PBE (G0W0) level of approx., the magnetic moment per unit cell, MAE - magnetic anisotropy energy, J , A, B - constants
of the Hamiltonian (1), Curie temperature estimated by classical MD simulation.
J i,j 3z
2 − r2 xz yz x2 − y2 xy
3z2 − r2 0.70951 -0.02434 0.06560 0.00858 -0.00681
xz -0.02434 -1.23703 -0.02792 0.05350 0.17230
yz 0.06560 -0.02792 -1.18891 0.17664 0.05476
x2 − y2 0.00858 0.05350 0.17664 0.05170 -0.04649
xy -0.00681 0.17230 0.05476 -0.04649 0.03423
TABLE III: Calculated per-orbital exchange parameters for
Cr2Te3 , i,j - d orbitals of the Cr atoms.
bining FM and AFM coupling of d orbitals of metal atoms
mediated by the p orbitals of the non-metal, dependent
on their symmetry.
The presented results suggest, that the monolayer M2N3
structures can be considered as potential candidates for
applications in spintronic devices.
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FIG. 3: (Color online) Calculated spin-resolved electronic band structure spectrum for a) Cr2Se3 , b) Cr2Te3 , C) Mn2Te3 , d)
Ti2Se3 , e,f) orbital character of bands for Cr2Te3 .
